The molecular structure of caffeine (3,7-dihydro-1,3,7-trimethyl-1H-purine-2,6-dione) was determined by means of gas electron diffraction. The nozzle temperature was 185 °C. The results of MP2 and B3LYP calculations with the 6-31G** basis set were used as supporting information.
Introduction
Caffeine (3,7-dihydro-1,3,7-trimethyl-1H-purine-2,6-dione, see Fig. 1 ) is the central nervous system stimulant that is most consumed in our daily life, as it is contained in not only coffee but also tea, cocoa, cola and other various beverages and foods. It is understood that the effect of caffeine and other methylxanthines depends on their concentration in the human body [1, 2] . At the concentrations attainable after taking a few cups of coffee, the effect is due to the adenosine receptor antagonism, i.e., they inhibit adenosine to bind to its receptor. At higher concentrations, however, they act as inhibitors of phosphodiesterase. Not only biochemical but also spectroscopic and diffraction studies of caffeine are still being reported extensively today, however, they are mostly of the condensed phase (see Refs. [3] [4] [5] [6] , for example) that suffer from the inter-molecular forces. Although it is a common understanding that the above-mentioned effect of caffeine is brought about by its structural resemblance with adenosine and cyclic-AMP, no reliable experimental molecular structure even in the crystal has been reported. The crystal structures of caffeine hydrate have been reported [7, 8] , but the structural determination of pure anhydrous caffeine has not been successful because of the difficulty in preparing the fully ordered crystal [5, 6] .
We have succeeded in determining the gas-phase molecular structures of bioactive compounds including central nervous system stimulants, nicotine [9] and arecoline [10] , by means of gas electron diffraction, in which some discussions on the structure-bioactivity relationship were provided. Under these circumstances, structural determination of caffeine by means of gas electron diffraction aided by theoretical calculations has been chosen as our target in the present study. 
Experimental
The sample of caffeine with purity of 99% was purchased from Aldrich Chemical Co. and was used without further purification. Electron diffraction patterns were recorded on 8 in. × 8 in. Kodak projector slide plates with an apparatus equipped with an r 3 -sector [11] . The camera distance was 244.3 mm to cover the s-range of 4.5 -33.8 Å -1 , which is sufficient for the molecules of this size. The vapor pressure of caffeine is not high enough for the electron diffraction experiment at room temperature and the sample was heated to 185 ˚C by using the nozzle system reported in Ref. [12] . The acceleration voltage of incident electrons was about 38 kV and the electron wavelength calibrated to the r a (C=S) distance of CS 2 (1.5570 Å) [13] was 0.06327 Å. The photographic plates were developed for 4.5 min. in a Dektol developer diluted 1:1. The photometry process was described in details elsewhere [14] . Other experimental conditions are as follows:
beam current was 1.4 -1.5 µA; background pressure during exposure was 2.6 × 10 -6 Torr; uncertainty in the scale factor (3 σ) was 0.03%; exposure time was 62 -113 s; number of plates used was 4. The experimental intensities and backgrounds are available as supplementary information (Table S1 ).
Elastic atomic scattering factors were calculated as described in Ref. [15] , and inelastic ones were taken from Ref. [16] . The experimental molecular scattering intensities are shown in Fig. 2 with the final calculated ones. A diagonal weight matrix was used in the least-squares analysis on the molecular scattering intensities.
Theoretical calculations
Geometry optimizations of caffeine were carried out by using the MP2(frozen core) and B3LYP methods with the 6-31G** basis set. Program GAUSSIAN 03 [17] was used. The obtained geometrical parameters for the conformer shown in Fig. 1 are listed in Table 1 . As for the MP2/6-31G** calculation, essentially the same result has been reported by Poltev et al. [18] , but some structural parameters for the C-H bonds were 4 omitted in it. In order to confirm that this is the only one stable conformer, the potential functions for the internal rotation of the N 1 -C 10 , N 3 -C 12 and N 7 -C 14 bonds were obtained by a series of geometry optimizations where only one of the corresponding internal rotation angles, φ(C-N-C-H), was fixed at 0 to 60° with an interval of 15°. The obtained potential functions are shown in Fig. 3 . There is a shallow dip at φ = 60° in the N 3 -C 12 potential function obtained by the B3LYP calculations. The quantum mechanical calculations described below revealed that no energy level exists associated with this minimum, and hence, it was concluded that this dip cannot make a conformer.
The N 1 -C 10 potential functions obtained by the MP2 and B3LYP calculations are both three fold and their barrier heights exceed 100 cm -1 . This feature seemed puzzling considering the nearly symmetric arrangement of the bonds located close to the N 1 -C 10 bond (i.e., the C 2 =O 11 and C 6 =O 13 groups), which made a six-fold potential function with a smaller barrier to be more plausible. The natural population analysis [19] provided only a small amount of difference in the atomic charge distribution between the C 2 =O 11 and C 6 =O 13 groups. Therefore, a simple explanation by means of only the interaction between the methyl and carbonyl groups does not seem to be effective in this case.
According to the MP2 and B3LYP calculations, the internal rotation around the N 1 -C 10 bond by 60° changes the bond angles determining the direction of this bond (C 2 -N 1 -C 10 and C 6 -N 1 -C 10 ) by about 2.5°. Other bond angles in the 6-membered ring also change significantly. On the other hand, the structural changes caused by the N 3 -C 12 and N 7 -C 14 internal rotation are smaller and more local. Therefore, it is likely that the potential function for the N 1 -C 10 internal rotation is not the consequence of the local interaction but that of the global structural factors.
The vibrational calculation was carried out with the B3LYP method and the 6-31G** basis set. No imaginary frequency was yielded. The obtained Cartesian force constants were used for the following normal vibration analysis.
Analyses
Normal vibration analysis. The Cartesian force constants obtained by the B3LYP/6-31G** calculation were transformed into the force constants, f ij , for the internal coordinates. The theoretical f ij 's were modified by the scaling method so as to reproduce the reported vibrational wavenumbers [3, 4, 20] . The linear scaling formula, f ij (scaled) = (c i c j ) 1/2 f ij (unscaled), was used where c i is a scale factor [21] . The definitions of internal coordinates with the resultant scale factors are listed in Table S2 of Supplementary Information. The observed and calculated vibrational wavenumbers are listed in Table S3 of Supplementary Information. Most of the observed wavenumbers were reproduced within the accuracy of ±2%.
Analysis of electron diffraction data.
In order to reduce the number of adjustable parameters, the following treatment was adopted using the results of the MP2/6-31G** geometry optimization: (1) the molecular symmetry was assumed to be C s ; (2) the differences among the N-C bond lengths in the rings and the C 4 =C 5 bond length were set equal to their theoretical values; (3) the difference between the two C=O bond lengths was set equal to its theoretical value; (4) the differences among the three N-C methyl bond lengths were set equal to their theoretical values; (5) the differences among all the C-H bond lengths were set equal to their theoretical values; (6) the difference between the C 2 -N 1 -C 10 and C 6 -N 1 -C 10 angles was set equal to its theoretical value and the bond angles related to the C 2 =O 11 , N 3 -C 12 , C 6 =O 13 , N 7 -C 14 and C 8 -H 15 bonds were treated similarly; (7) the differences among all the N-C-H angles in the methyl groups were set equal to their theoretical values. A preliminary analysis in which the C 4 =C 5 bond length was treated as an independent parameter resulted in the unacceptably large uncertainty for it. Therefore, the C 4 =C 5 bond length was bound with the N-C bonds in the rings as mentioned in the assumption (2) . The independent parameters and the constraints are summarized in Table 2 .
As shown in Fig. 3 , the barrier heights for the internal rotation of the N 3 -C 12 and N 7 -C 14 bonds obtained by the B3LYP/6-31G** calculations are as low as about 30 cm -1 and the thermal averaged distribution of the H atoms of C 12 and C 14 methyl groups is expected to be close to that of the free rotation. Therefore, the treatment of the large-amplitude motion was adopted, in which the contributions from the non-bonded X … H methyl atomic pairs were taken into account by means of pseudo conformers, where X = C, N or O. First, the potential energy for the N 3 -C 12 and N 7 -C 14 internal rotation obtained by the B3LYP/6-31G** calculations was fitted by using the functional form,
where φ is the internal rotation angle. The obtained best-fit potential functions are shown in Fig. 3 and the corresponding potential constants, V 3k 's, are listed in Table S4 of Supplementary Information. Next, the energy levels and eigen functions were obtained by using the Hamiltonian,
where
and I r is the reduced moment of inertia for internal rotation, which was assumed to be constant. By applying the method described in Ref. [22] and by using the B3LYP/6-31G** geometrical structure, B constant was estimated to be 5. [25] , where the Morse parameter, a, was assumed to be 2.0 Å -1 . Those for nonbonded atom pairs were assumed to be zero. Table 3 lists the obtained structural parameters for caffeine. The experimental radial distribution curve with residuals is shown in Fig. 4 . The resultant R-factor 1 was 0.046. The correlation matrix is listed in Table S6 of Supplementary Information. No off-diagonal element of the correlation matrix has the absolute value larger than 0.9.
Results and discussions
In Table 3 , the structural parameters of caffeine monohydrate in the crystal [8] and the gas-phase structures of the related molecules, uracil [26] and imidazole [27, 28] (see Fig. 1 ), are also listed. Compared with all the corresponding theoretical and experimental values, the r g (N=C) determined in the present study (1.297 ± 0.011 Å) seems too short. A trial analysis of the electron diffraction data was carried out, in which the structural constraints were taken from the results of an RHF/6-31G** calculation and consequently, the relative differences among the N-C bond length in the rings were significantly different from those by the MP2 calculation. It resulted in the longer (by 0.009 Å) N=C length, suggesting that the N=C length is dependent on the
calc and W i is a diagonal element of the weight matrix. 8 structural constraints of the N-C bond lengths although the N=C length was treated as an independent parameter. Therefore, it might be appropriate to expect a larger error limit for the N=C length. By using the diatomic approximation [29] and neglecting the centrifugal distortion term, the difference between the r g and r e distances can be approximated to be, r g -r e ≈ (3/2)al 2 , and by assuming the Morse parameter, a, to be 2.0 As mentioned in Introduction, no crystal structure has been reported for anhydrous caffeine. So the gas-phase structure of the present study is compared with the crystal structure of the monohydrated caffeine [8] . Disagreements are found for many structural parameters especially in bond lengths even with the difference between the definitions of the bond length (r g for electron diffraction and r α for X-ray diffraction) taken into account. Monohydrated caffeine forms hydrogen bonded polymeric chains in the crystal, in which the N 9 atom accepts a hydrogen from the water molecule [8] .
However, the discrepancies in the bond lengths between the gas and crystal phases are not limited to the N 9 vicinity, and hence, the packing effect seems to be playing a more important role than the hydration in the crystal structure.
The one-to-one comparison between the N-C bond lengths of caffeine and uracil [26] shows disagreement. However, the averaged value of the r g (N-C) for the 6-membered ring of caffeine (1.394 ± 0.003 Å) is in a good agreement with that of uracil (1.399 ± 0.006 Å). Their C=O lengths are also close to each other. On the other hand, differences in the corresponding bond angles between caffeine and uracil are up to 4.5°.
Many of the experimental bond lengths in imidazole [27, 28] are in disagreement with the corresponding values in caffeine. It should also be noted that caffeine has a longer C=C length than both of uracil and imidazole. This lengthening of the C=C bond at the formation of the bicyclo ring system has been reproduced by the MP2/6-31G** calculations carried out for this discussion, qualitatively. The theoretical C=C lengths of uracil and imidazole are found to be 1.351 Å and 1.378 Å, respectively, and the corresponding values for the bicyclo ring system, caffeine and xanthine (1.383 Å and 1.381 Å, respectively) are larger than them. Because of the lengthening of the C=C bond, the skeletal structure of caffeine is different from the simple combination of those of uracil and imidazole.
Supplementary information
Tables of the leveled total intensities and the backgrounds, definitions of the internal coordinates with the scale factors, observed and calculated vibrational wavenumbers, potential constants for the internal rotation, mean amplitudes, and the correlation matrix are deposited. Fig. 1 for the atom numbering. Table 2 Structural constraints and independent parameters of caffeine Distance distribution is indicated by vertical bars.
